Introduction
In Japan, severe storm surges occur mainly in bays on Pacific coast having their mouth southward, such as Tokyo Bay, Ise Bay and Osaka Bay. Indeed, at the head of these bays, abnormal damages have frequently been caused by the storm surges due to typhoons. Therefore the storm surges in such bays were studied extensively and useful results were obtained by many investigators.
On the other hand, the storm surge on the coast facing open sea directly, especially on the coast of the Japan Sea, has been scarecely examined on account of its insignificant height and rather scanty observation. UNOKI (1959) pointed out that there were no remarkable storm surges in recent several ten years on the coast of the Japan Sea, and that the height of surge was less than 100 cm except for Iwasaki. The variation of sea level differs remarkably according to the course of atmospheric disturbances.
When a typhoon moves across the middle part of the Japan Sea from southwest to northeast, we can find peculiar surges on the San'in coast, western half of the region in question, which progresses very slowly as a kind of free wave and arrives at the coast considerably late after the storm passed away. SHOJI (1961) suggested that this wave might be an internal Kelvin wave induced by a progressive typhoon, but he could not sufficiently verify validity of the assumption because of scantiness of observed data.
When a typhoon crosses West Japan from south to north and then moves to the eastern part of the Japan Sea, atmospheric pressure falls considerably and strong northerly winds blow over the San'in coast. Nevertheless sea level does not rise but falls (TANIOKA, 1959) . The cause of this phenomenon is not yet, well known.
In this paper, the author attempts to clarify the features of such storm surges on the Japan Sea coast of Japan.
Data and method of analysis
Hourly readings of sea level at fourteen tide gage stations are used. Locations of the stations are shown in Fig. 1 and Table 1 . Eleven of them are situated along the Japan Sea coast, while Tomie, Izuhara and Shimonoseki face the East China Sea, the Korean Channel and the Straits of Kammon, respectively. The period for the used data is ten years from 1953 to 1962.
The height of meteorological tide or storm surge was obtained by subtracting predicted tides from the observed ones. In predicting the astronomical tide, fifteen tidal constituents were taken in most cases and the monthly mean sea level was assumed to coincide with the mean of observed levels. The astronomical tide is inconspicuous in the Japan Sea and the estimated surge height is of sufficient accuracy. In the neiboring seas to which Izuhara and Tomie face, however, the astronomical tide is rather great, so thirty constituents of tide were used (See ISOZAKI, 1968) .
The number of atmospheric disturbances which caused a storm surge with height exceeding 40 cm at any of the tide gage stations on the coast of the Japan Sea was fourteen for ten years. Table  2 gives the maximum height in each case at the respective stations. The maximum height re- corded at each station is presentied in Fig. 1 . At all stations except Iwasaki, the surge height was less than 1 m. Only at Iw4saki, we can find a height of surge higher then 1m. The surge with the peak value of 122cm, was caused by Typhoon Marie, Sept. 27, 1954 . Nine of the fourteen surges mentioned above were generated by extratropical cyclones which passed through the Japan Sea in winter or spring, and five were due to typhoons which crossed the Japan Sea. At five stations, Wakkanai, Iwasaki, Sakai, Tomie and Shimonoseki, the biggest surge was brought about by typhoons and at other stations it was attributed to extratropical cyclones. This is in contrast with the circumstances on the Pacific coast, where remarkable storm surges with height exceeding three meters or so, are always caused by typhoons. The tracks of the fourteen atmospheric disturbances in question are given in Fig. 2 . From the figure we can clearly recognize that the severe surges on the Japan Sea coast were never caused by the storms which progressed eastward on the Pacific side of Japan. It should be also kept in mind that northerly winter monsoon from the Asian Continent does not generate heavy storm passage over the Japan Sea, and considerable damages were caused on the Japan Sea coast by accompanied wind waves and storm surges.
The track of the typnoon is represented by a heavy line in Fig. 3 . The successive position of the center of typhoon is connected by a straight line with the station at which highest surge is observed simultaneously.
It is noticeable that the sea level becomes highest considerably later than the time of the nearest approach of the strom, except in the southwestern and northeastern part of the Sea where the elevation attains its maximum at the nearest approach of the typhoon.
The time lag of the surge from the arrival of the storm is especially large on the coast west of Noto Peninsula. At Shimonoseki and Saigo we can find two peak levels, the first of which On the other hand, the propagation curve of maximum surge height is indicated by dash-dotted line. It should be noticed that it splits into two parts at Wajima located at the top of Noto Peninsula. Thick arrows represent the time interval in which the surge height exceeds half of the maximum height at each station. The values of maximum height are shown by numerals written close to the arrows, but two values are given when double peaks appeared.
From Figs. 3, 4 and 5 it is suggested that the mechanism of the generation of storm surges is different for the following four coastal waters: from Tomie to Shimonoseki, from Shimonoseki to Wajima, from Wajima to Iwasaki, and from Oshoro to Wakkanai.
First, in the shallow water just to the west of the Japan Sea in which Tomie and Shimonoseki are located, the peak of storm surge appears about the time of nearest approach of the typhoon. The anomaly of sea level is nearly equal to the value estimated hydrostatically from the fall of atmospheric pressure, and the effect of wind seems to be small. Meanwhile, two peaks of sea level are recorded at Shimonseki, facing to Straits of Kammon through which the shallow water in question is connected with the It is noticeable that the surge continues long after the storm has passed far away and the strong wind has dropped, but the reason for this is not clear at present.
Possibly the arrival of a shelf wave with a low speed may be also suggested.
The Typhoon Emma, Sept. [10] [11] 1956 , took the similar course as the Typhoon Sarah and caused a similar surge. Moreover, as will be seen in Fig. 2 , most of the surges in the Japan Sea are raised by both extratropical and tropical cyclones which take the course from southwest to northeast in the Japan Sea. Accordingly, fluctuations of sea level stated here will be considered to be typical on the eastern boundary water of the Japan Sea.
In Typhoon June which landed at the southern end of Kyushu with the central pressure of 956 mb at 15h of Sept. 13, 1954, entered the Japan Sea at the midnight from 13th to 14th after it had crossed Kyushu from south to north. The track of this storm is presented in Fig. 6 . The typhoon moved straight northward across the western Japan Sea and landed again on the opposite coast of Asian Continent.
In the figure, the position of typhoon at the time when the surge height reached maximum at respective tidal stations is shown by thin line. Fig. 7 indicates the time variation of accom- panied storm surges at each station during Sept. 13-17, 1954, with peak values. The surge is not high because the storm is distant. The recorded highest surge is 74 cm at Shimonoseki : at other stations the height is less than 50cm.
It is especially noteworthy that the sea level falls before the arrival of the storm all over the eastern coastal water of the Japan Sea, though this is not seen at Tomie and Shimonoseki just outside of the Japan Sea.
The decent of sea level begins when the typhoon lies about 300km south off Kyushu, and at that time the typhoon center is about 600km distant from the southern end of the Japan Sea and more than 1500km from the northern part of it. As the storm approaches the Japan Sea, the atmospheric pressure on the sea falls gradually but the sea surface continues to descend. This will be attributed to the seaward transport of water due to the northeasterly gale in front of the typhoon center that prevails in the southern part of the Japan Sea with a direction parallel to its coast. The fall of sea level continues till the storm center invades the Japan Sea in the early morning of the 14th. Then as soon as the wind shifts to southwest bringing about shoreward transport of water the sea level turns to rising. See legend in Fig. 4 for explanation.
In Fig. 7 , although a very faint secondary peak of the elevation can be traced near the occurrence time of minimum pressure at each station from Tonoura to Maizuru, the highest elevation appears at all stations considerably late after the passage of pressure minimum. At most of them it occurred after the storm landed on the opposite coast (See Fig. 6 ). On the other hand, the surge on the eastern coast of Noto Peninsula is different from that on the western coast. This is clearly confirmed in Fig. 8 . It is surprising that Fig. 5 resembles to Fig. 8 in essential features despite the tracks of storm differ considerably. And as in the former case, we can also piont out an external surge which travels at a low speed of 2.8m/sec along the continental shelf from the southern entrance to Noto Peninsula, while the pressure minimum moves at a mean speed of about 20m/sec. On the other hand, on the coast northeast of Noto Peninsula the peak of the elevation occurs almost simultaneously everywhere and it corresponds to the time when the southwesterly wind accom- panied to the rear of the typhoon center prevails in the northern part of the Japan Sea. None of typhoons took this kind of course for the ten years in question except for the one mentioned here.
3.3 Case C: An example when a storm advances northeastward through the eastern Japan Sea Typhoon Nancy was one of the most violent tropical cyclones which had attacked the Japanese Islands: at the stage of its maximum intensity (15h, Sept. 13th, 1961) the central pressure was 885mb and the maximum wind speed 150kts. The track of the typhoon is shown in Fig. 9 . The typhoon first landed on Shikoku Island with the central pressure of 930 mb at 9h 30min of Sept. 16, 1961 , and entered the Japan Sea at 1711 of Sept. 16 after having the passed the western part of Osaka Bay and western Honshu. Then it progressed north-north-east along the Japan Sea coast and reached to southern end of Saghalin at 9h of Sept. 17.
The typhoon caused severe storm surges on the coast around the Osaka Bay. Its height was especially large at Osaka harbor reaching 245cm, and sea water invaded the land, flowing over dikes, flooded the area of about 31km2.
As seen in Fig. 9 the elevation for every station becomes the highest at about the time when the typhoon approaches nearest in contrast with the previous two cases. Fig. 10 indicates the time variations of surge height during Sept.
14-18, 1961. The largest height attained is only 40cm at Kashiwazaki, and storm surges were remarkably weak on the coast of the Japan Sea in spite of great size of the typhoon itself.
It is especially noteworthy that sea levels to fall all over the coast of the Japan Sea in middle of 15th when the typhoon approaches about 300km south-south-west of Kyushu, same as the case of Typhoon June. The descent of sea level continued till the typhoon reached Osaka Bay after crossing through eastern part of Shikoku in the morning of 16th, and then it turned to rise. Over the coast of San'in, at that time, atmospheric pressure fell to about 980 mb and strong northesterly winds were blowing, nevertheless the sea levels continued to fall by reason of that the lowering effect by strong northeasterly winds overcompensated the effect of pressure fall. At the stations north of Miyazu, the maximum height appears near the time when the pressure becomes minimum. This is obviously the surge which progresses with the typhoon. At the stations south of Saigo, the sea level does not rise remarkably but we can find a very faint secondary peak of the elevation at about the occurrence time of minimum pressure. At Izuhara and Tomie there arises a surge with a height more than 20cm but it does not invade the Japan Sea as an external surge, and we cannot see the surge which propagates to the coast of San'in as a free wave. In Fig. 11 , which represents the relation between the occurrence time of the maximum surge height and the minimum atmospheric pressure, the duration of the surge is very short for every station. The surge peak propagates with a mean speed of about 15m/sec lagging a few hours behind the propagation of the minimum pressure.
The typhoons which took the similar course as Typhoon Nancy are the Typhoons Marie, Sept. 26-27, 1954 and Vera, Sept. 17-18, 1959 in the ten years in question. These typhoons caused also qualitatively the similar surges on the Japan Sea coast as those described above.
3.4 Case D: An example when a storm moves away along the Pacific coast of Japan
The effect of wind set-up does not prevail on the coast of the Japan Sea because there is not so broad shallow water region along the coast (HISHIDA and WAKABAYASHI, 1950; SHIOMI, 1959) . On the other hand, strong southwesterly winds blowing parallel to the coast raise the sea level and strong north-easterly winds reduce it, as seen in previous exmples. To examine the latter effect in more detail, the sea level variations caused by Typhoon Ellen, Aug. 6-10, 1959 are shown.
The typhoon approached to Kyushu from the southern East China Sea and progressed eastnorth-east along the Pacific coast of Japan. The path of the typhoon is shown in Fig. 12. (40) In Fig. 13 , which indicates the time variation of sea level during Aug. 6-10, 1959, notable surge is not seen except for Shimonoseki and Tomie where the maximum of surge of 33 cm and 39cm respectively appeared a few hours before the occurrence of the minimum pressure. The sea level falls slightly before the arrival of the storm over the coast to the north of Noto Peninsula. Namely the sea level begins to sink in the evening of Aug. 7th when the typhoon approaches about 150km west-south-west off Kyushu, continues to sink till the typhoon arrives at the coast of Shikoku at the early morning of 9th, and then turns to rising. The sea level descent is not seen on the coast southwest of Noto Peninsula.
At Miyazu the rise of sea level reached to 14 cm at 4h of Aug. 9th when the storm approached nearest. This is too small in view of that the atmospheric pressure for Miyazu was at this time 983mb. If the hydrostatic pressure is the only effect on the sea, the level should rise about 30 cm. At other stations on the San'in coast sea level did not rise in spite of the falling of the pressure over the coast.
In spite of the minimum pressure of 986.2 mb (1h 52min of Aug. 9th) and the maximum wind of NE 17.4m/sec (21h 30min of Aug. 8th) observed at Sakai, sea level did not rise as seen in Fig. 13 . This may be explained by reasoning that the lowering effect of the off-shore mass transport by the strong northeasterly winds on the sea level will overcome the piling up effect by the atmospheric pressure fall. 4. A shelf wave which progresses very slowly along the continental shelf off San'in It was shown in Section 3 that the typhoons or extratropical cyclones which took the course of the Case A or B induced storm surge which propagated slowly as a free wave along the coast of San'in.
Remarkable examples are listed in Table 3 . SHOJI (1961) presumed that this might be a kind of internal Kelvin wave induced by an (41) atmospheric disturbance.
The wave is caused not only by typhoons in autumn but extratropical cyclones in winter and spring. In winter, the water of the Japan Sea is homogeneous from the surface to the bottom because of the active vertical mixing due to cooling from the surface and disturbance by strong northwesterly monsoon, and the layer of thermocline is not formed (FUKUOKA, 1962) . Accordingly it seems difficult to assume the existence of internal Kelvin wave as SHOJI did.
On the other hand, in case of typhoon and extratropical cyclone which take the course of the Case A or B and generate rather conspicuous surge in the shallow waters southwest of the Japan Sea, strong southwesterly winds prevail over the East China Sea and the southwestern entrance of the Japan Sea, on the contrary, in case of storm which takes the course of the Case C or D strong northeasterly winds prevail over that area. Moreover, the wave is more predominant on the coast than on off-shore islands. Then it is plausible to assume that the wave will be an external surge which is caused over the East China Sea or southwestern end of the Japan Sea and propagates along the coast with a mode of a kind of boundary wave. ROBINSON (1964) showed theoretically the existence of a kind of continental shelf wave which propagates slowly only in clockwise direction along a coast line in the northern hemisphere. HAMON (1962 HAMON ( , 1964 reported the existecne of such waves along the east and west coasts of Australia.
MYSAK (1967 a, 1967 (2) where D is the depth in the deep sea region, d
is the depth at the edge of shelf and l is the shelf width.
Then, we get the relation roughly with the velocities mentioned in Table   3 . Accordingly, we can assume that the surge on San'in coast is a free wave of the mode of Robinson's shelf wave rather than an internal Kelvin wave.
Conclusions
In this paper, the variations of sea level on the coast of the Japan Sea when a typhoon progresses on various tracks are investigated. Conclusions obtained are summarized as follows:
(1)
The effect of wind set-up is relatively small. (2) The pressure effect is nearly hydrostatic. (3) Strong southwesterly winds blowing parallel to the coast induce shoreward masstransport of water, and sea level rises on the coast. At Iwasaki, southwesterly winds also have the effect of wind set-up, and the surge becomes very large compared with the other stations. On the other hand, strong northeasterly winds induce seaward masstransport of water, and sea level is loweiled down on the coast. (4) When a storm passes along the course of Case A or B in Section 3, there exists moving surge on the coast of San'in.
We consider that this is a free wave of the mode of Robinson's shelf wave. (5) When a typhoon approaches about 300km south off Kyushu, sea level on the coast of the Japan Sea begins to descent. At that time, the distance from the typhoon center to the southern end of the Japan Sea is about 600 km and more than 1500km to the northern part of it, and it is not likely that the sea level is under the direct influence of the typhoon.
We cannot understand at present why the sinking of sea level is caused.
